Introduction {#sec1}
============

Gas-injection enhanced oil recovery (EOR) can efficiently displace oil.^[@ref20],[@ref22],[@ref27]^ However, gas-injection EOR suffers from poor sweep efficiency and may achieve limited oil recoveries in field applications,^[@ref20],[@ref27]^ primarily due to low gas viscosity (leading to fingering and channelling), low gas density (leading to gravity override) and geological heterogeneity. Reducing the relative mobility of gas thus becomes a major challenge for gas-injection EOR. Foam can provide mobility control for gas flooding. Foam is a dispersion of gas bubbles in an aqueous phase, stabilized by surfactant molecules at the gas--liquid interfaces. When foam is generated in porous media, the flow paths of gas are blocked by liquid films, or lamellae, while the liquid phase remains continuous. The lamellae blocking the gas phase add additional capillary resistance to gas flow and thereby make the gas phase less mobile.

The conditions for foam generation depend in part on the method of injection. In our experiments, we consider steady gas and liquid injection at a fixed gas fraction, where gas has already been injected for a time before surfactant is added to the system.^[@ref26]^ This initial state is relevant to the propagation of a foam front far from a well, where alternating slugs of gas and liquid have mixed and where gas has advanced ahead of the foam front. During these steady-state experiments, foam is created in the porous medium by coinjecting gas and surfactant solution at a fixed gas fraction; foam generation requires exceeding a minimum superficial velocity *u*~t~^min^, or pressure gradient ∇*p*^min^.^[@ref26]^ It is pressure gradient ∇*p*, not total superficial velocity u~t~, that triggers foam generation, but results are often reported in terms of *u*~t~^min^, which is easier to control and measure in the laboratory. "Foam generation", in this context, refers to an abrupt jump from a state of high gas mobility to one of very low mobility. This abrupt change depends on the rate of lamella creation exceeding the rate of lamella destruction in the porespace,^[@ref6],[@ref17]^ leading to a spontaneous run-away process and a jump in state.^[@ref14],[@ref16]^ In this paper, we refer to this minimum pressure gradient or superficial velocity as the "trigger" for foam generation.

The triggers *u*~t~^min^ or ∇*p*^min^ depend on gas fractional flow (foam quality *f*~g~). Greater *f*~g~ requires a greater velocity to trigger foam generation.^[@ref26]^ In the vicinity of an injection well, in situ foam generation and foam propagation are usually easy due to large superficial velocity and pressure gradient. The real concern for generation and propagation, therefore, lies in locations far from the injection well, where both superficial velocity and pressure gradient are low.^[@ref1],[@ref8]^ Hence, the minimum velocity for foam generation and propagation in porous media is of great importance to foam application.

Previous experimental studies have not identified a connection between the minimum velocity for foam generation and surfactant concentration. The mechanisms of individual lamella generation (leave-behind, snap-off, lamella mobilization) are not believed to depend on the presence of surfactant.^[@ref9],[@ref25]^ For a given homogeneous porous medium, the trigger velocity or pressure gradient for foam generation depends on the capillary resistance of a lamella to be displaced from a pore throat and subsequent division.^[@ref26]^ This resistance is of course proportional to the gas--liquid surface tension γ. Therefore, the minimum condition for foam generation depends on surface tension, but this dependence affects foam generation only for surfactant concentrations below the CMC.

The survival of lamellae once created, however, does depend on surfactant formulation and concentration.^[@ref27]^ Foam generation therefore requires not only production of lamellae in the porous medium, but also the survival of the newly created lamellae. The greater the lamella-destruction rate (either due to ineffective surfactant or insufficient surfactant concentration), the greater the lamella-creation rate needed to generate foam. The stability of foam in porous media, reflected in the limiting capillary pressure *P*~c~\* or water saturation *S*~w~\* for foam stability, increases with increasing surfactant concentration far above the Critical Micelle Concentration (CMC).^[@ref2],[@ref13]^ Therefore, one would expect that increasing surfactant concentration reduces the minimum superficial velocity or pressure gradient for foam generation by reducing the rate of lamella breakage. However, this link has not been demonstrated experimentally. In this paper we present experimental verification of the connection between the minimum velocity for foam generation and surfactant concentration for one surfactant formulation. We also propose a workflow for identifying the triggering velocity and screening out the experimental artifacts. We relate the experimental results to a population-balance model for foam generation. The model agrees with the trends of the experimental results.

Experiments on Foam Generation {#sec2}
==============================

Experimental Method and Materials {#sec2.1}
---------------------------------

In our experiments, foam is generated in situ by coinjecting surfactant solution and nitrogen into a homogeneous Bentheimer sandstone core at a back-pressure of 40 bar and a temperature of 30 °C. The main objective of our experiments is to map out the minimum total superficial velocity *u*~t~^min^ required to trigger foam generation for different foam qualities (gas fractional flow) *f*~g~ and three surfactant concentrations *C*~s~, each far above the critical micelle concentration, CMC. Based on the measurement of the CMC by Jones et al.,^[@ref13]^ all three surfactant concentrations are far above the CMC, which is approximately 0.005 wt % for AOS with 3.0 wt % NaCl.

We use the same surfactant, Sodium C14--16 Alpha Olefin Sulfonate (AOS-1, Bioterge AS-40), for all experiments. Both brine and surfactant solutions contain 3 wt % NaCl. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the experimental apparatus. The Bentheimer core is 17 cm in length, with a diameter of 1 cm. The permeability of the core is 1.87 × 10^--12^ m^2^. Four absolute-pressure transducers are located along the core. Two of them are located on the inlet and outlet lines, respectively, whereas the other two are in direct contact with the core. The core is thus divided into three sections, with inlet and outlet sections 5.25 cm long, and the middle section 6.5 cm long ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Three different surfactant concentrations are tested for impact on foam generation: 0.1, 0.3, and 0.5 wt % ([Supporting Information (SI) Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf)). Surface tensions of the three surfactant solutions are shown in [SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf).

![Experimental apparatus for foam-generation experiments. The core is mounted vertically in an oven at a temperature of 30 °C. Four absolute-pressure meters are connected along the core, with pressure ranges of 120 bar. Gas and liquid are injected from the bottom and exit from the top. A small metal container is connected between the last pressure meter *P*~out~ and the back-pressure regulator to stabilize pressure in the outlet section of the core.](ie-2018-03141u_0001){#fig1}

A small pressure cell of volume 150 mL lies between the core and the back-pressure regulator (BPR) to mitigate any fluctuations at the BPR. Since, as mentioned above, pressure gradient is thought to play an essential role in foam generation, any sudden increase or decrease in back-pressure would lead to an abrupt change in pressure gradient at the outlet of the core. In such cases, foam generation could be triggered near the outlet.

The core is initially fully saturated with brine. Then N~2~ and brine are coinjected at constant gas fractional flow. After steady state is achieved, brine injection is replaced by injection of surfactant solution at the same injection rate and fractional flow of gas. After 1 pore volume of surfactant solution has been injected, we begin the process of raising superficial velocity in steps until foam generation is triggered. At each step, we wait for a time to see if foam generation has occurred; details are given below. The trigger for foam generation could lie between the measured velocity at which foam generation occurs and the velocity just before it. The resulting uncertainty range for each experiment is illustrated by the error bars in the results shown below.

Experimental Artifacts and Screening Criteria {#sec2.2}
---------------------------------------------

Our goal is to determine the velocity at which foam generation occurs in steady flow in a homogeneous porous medium. Identification of the foam trigger (with regard to either velocity or pressure gradient) can be problematic, and experimental results are typically scattered, as illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. There are at least two experimental artifacts that contribute to the scatter: (1) the "incubation effect", and (2) the capillary end effect. Both effects may lead to foam generation at superficial velocities lower than the minimum velocity *u*~t~^min^. These two effects are described below.

![(a) Minimum gas interstitial velocity required to trigger foam generation as a function of injected liquid volume fraction (or *f*~w~, i.e., (1 -- *f*~g~)). The plot is reproduced from data of Rossen and Gauglitz.^[@ref26]^ Trends superimposed on data are from a percolation-theory analysis for foam generation described in Rossen and Gauglitz.^[@ref26]^ (b) A similar plot based on data from our experiments (*C*~s~ = 0.5 wt %). White dots represent the observed trigger velocity for the given injected liquid volume fraction, and black dots represent the velocities tested before the trigger of foam generation.](ie-2018-03141u_0002){#fig2}

Baghdikian and Handy,^[@ref3]^ injecting liquid and gas into cores at steady, low velocities, observed a slow increase in ∇*p* until, many hours or even days later, there was an abrupt increase in ∇*p* over a period of minutes or hours: that is, "foam generation". They call this foam generation occurring after a delay the "incubation effect" (see refs ([@ref4], [@ref11], and [@ref27])). The reason for this behavior is not clear, but it is likely the result of an accumulation of local perturbations in flow rates, foam quality, and capillary pressure, etc. over time, leading to creation of static lamellae and increasing pressure gradient.^[@ref27]^ We exclude these cases from our results, because we want to identify the point where velocity or pressure gradient triggers foam generation without the effects of extraneous fluctuations accumulated over time.

The capillary end effect^[@ref5],[@ref19],[@ref24]^ is another complicating artifact in foam-generation experiments. Apaydin and Kovscek^[@ref2]^ studied the role of surfactant concentration and end effects on foam flow in porous media. The classic capillary end effect is an accumulation of water near the outlet face of the porous medium caused by contact with fluid outside the porous medium at a capillary pressure of zero or near zero. The wet conditions near the core outlet are ideal for foam generation.^[@ref25]^ At larger surfactant concentrations, Apaydin and Kovscek^[@ref2]^ reported, the end effect results in a larger pressure gradient building first near the outlet and propagating upstream, against the direction of flow, toward the inlet. Similar effects, where a large increase in pressure gradient first occurs near the outlet and then propagates upstream. Similar results are reported by Nguyen et al.^[@ref23]^ and Simjoo et al.^[@ref28]^ The mechanism of upstream propagation of a stronger foam state is unclear, but, in any case, the origin of the state is a result of the capillary end effect, and therefore it is not representative of a homogeneous porous medium. Hence, we exclude cases in which a large pressure gradient is created near the outlet and then propagates to or disturbs upstream core sections.

We define the trigger as the total superficial velocity at which foam is created quickly near the core inlet, without a long period of steady injection or propagation of foam first created near the outlet. Below we define the criteria to define a valid trigger velocity and to identify unacceptable cases. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} illustrates how we identify a valid trigger according to two criteria:1.The experiment should begin with at least one velocity lower than the trigger velocity for foam generation. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} we call this state "no foam" for simplicity. In reality, it could be a state with a modest reduction of gas mobility, or what Ransohoff and Radke^[@ref25]^ refer to as a "leave-behind foam.″ At this velocity, there should be no significant pressure drop in any core section. There are two criteria to define the condition before the trigger:a.Pressure gradient along the entire core increases within the next 10--20 s upon the increase of superficial velocity, and settles down to a new steady state quickly (usually within 20--30 s). When the new steady state is achieved, the increase in pressure drop is of the same magnitude as the proportional increase in velocity from the previous step. Ideally this rule applies to all core sections. In many cases, however, the Δ*P* across the outlet section increases much more than proportionately with the velocity increase, and more than the pressure drop in other sections. We accept cases with a modest Δ*P* in the outlet section (no more than 1 bar, too little to affect gas volume or superficial velocity upstream) if the state of large ∇*p* does not migrate upstream to the second section. In other words, if there is foam generation near the outlet but this is not the cause of subsequent foam generation near the inlet, we accept that case.b.Pressure gradient along the core should remain constant, without an upward trend, once a steady state is achieved. The period during which a steady pressure gradient is verified should be limited to avoid the "incubation effect" (see criterion 2a, below). We checked the steady-state of an injection rate for about 15--20 min, before raising injection rate to the next level. If the injection period lasts for more than 40--60 min, the incubation effect could compromise the validity of result.2.The trigger should be characterized by a rapid increase in pressure drop in all sections while keeping injection rate and foam quality constant. Specificallya.The pressure drop across the first section rises steeply in the first section within 2--5 min of the increase in injection rate. The zone of large pressure gradient propagates from the first section downstream, but not from the last section upstream. A pressure rise occurring after, say, an hour of injection at a given rate could be a symptom of the incubation effect and unreliable.b.At the trigger, the magnitude of increase in Δ*P* is larger, and the period to reach the new steady state is longer (20--40 min), than in the steps before the trigger. The magnitude of gradient of the newly formed steady-state should be substantially greater (10--10 times) than the pressure gradient before the trigger.

![Experimental procedures for identification of a valid trigger velocity. Each experiment should begin at a superficial velocity lower than the trigger velocity. Three possible scenarios could happen at a particular velocity. (1) If no foam is created at this velocity (criterion 1), then a stepwise increase of superficial velocity is required, until a valid trigger, at which foam generation begins, is identified. (2) If foam generation takes place (meeting all conditions specified in criterion 2) after at least one "no foam" state, then a valid trigger velocity is identified. (3) If foam generation takes place at the very first injection rate, or any event(s) that violate criterion 2 take place during the process of velocity increase, the experiment is be aborted and repeated, until it meets both criteria and a valid trigger is identified.](ie-2018-03141u_0003){#fig3}

If and only if both criteria are satisfied in our experiment, we identify the minimum velocity for generation for the given surfactant concentration and foam quality. We denote this total superficial velocity as *u*~t~^min^ below. If any of the above criteria are violated, the result of this experiment is discarded. The experiment should be repeated until a valid trigger is identified.[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows examples of both valid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) and invalid ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) experimental results.

![(a) A valid finding of a trigger velocity (*C*~s~ = 0.3 wt %, *f*~g~ = 85.04%). Upon the increase in injection rate at after about 8^1^/~2~ min coinjection of surfactant solution and nitrogen, foam generation is triggered in the inlet section within 5 min and propagates downstream. (b) An invalid result (*C*~s~ = 0.3 wt %, *f*~g~ = 87.98%). Weak foam is first created in the outlet section (at around 160 min.) instead of upstream sections, likely due to end effect. Strong foam is created later near the outlet after a long period of injection (around 7 h), and eventually pressure drop in the last section (110 psi) is large enough to affect superficial velocities upstream. Foam finally fills the core after about 700 min (12 h), but the effect of the last section cannot be ruled out.](ie-2018-03141u_0004){#fig4}

Results {#sec3}
=======

Our results ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) show that (1) the minimum superficial velocity *u*~t~^min^ required to trigger foam generation increases with decreasing liquid fractional flow *f*~w~, and (2) *u*~t~^min^ decreases with increasing surfactant concentration in the aqueous phase. Foam generation becomes easier for wetter foam (greater *f*~w~) and higher surfactant concentration, even far above the CMC. The trend on this log--log plot ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) is roughly linear for each surfactant concentration. There is some scatter in the data, as in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and some overlap between the data at some surfactant concentrations.

![Experimental results for the trigger velocity for foam generation versus liquid fractional flow *f*~w~ for three different surfactant concentrations. Data plotted on log--log scale approximate a linear trend (solid lines) for each surfactant concentration; the least-squares fit to each trend is also shown. The error bars (below data points) represent the difference between the trigger velocity and the velocity tested immediately before it.](ie-2018-03141u_0005){#fig5}

![Estimated linear regression lines (solid lines) and 95% confidence intervals (dashed curves) for the underlying trends of the three surfactant concentrations. Markers represent the experimental results, as in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.](ie-2018-03141u_0006){#fig6}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the regression lines as well as the 95% confidence intervals for the trends^[@ref29]^ for the three surfactant concentrations used in our experiments. Although there is some overlap between the data for different surfactant concentrations, there is relatively little overlap between the confidence intervals for the trends at 0.1 and 0.3 wt % concentrations. There is no overlap between the top two trends and that at the bottom for 0.5 wt % concentration. In summary, surfactant concentration has an effect on foam generation that transcends the scatter in the individual data.

Modeling the Foam Trigger {#sec4}
=========================

The population-balance model of Kam and Rossen^[@ref14]^ and its variants^[@ref15],[@ref16]^ is the only population-balance model that explains the minimum velocity for foam generation seen in experiments.^[@ref10]^ Like other population-balance models, this model represents foam texture explicitly, with rates of lamella creation and lamella coalescence defined by two functions. In this model, the rate of lamella creation depends on pressure gradient. Similar to other population-balance models, the rate of lamella destruction is controlled by water saturation and the limiting water saturation *S*~w~\*, a parameter related to the limiting capillary pressure for foam destruction, *P*~c~\* via the capillary-pressure/saturation function *P*~c~(*S*~w~).^[@ref2],[@ref18],[@ref21],[@ref30]^ As noted above, the process of lamella creation is not believed to depend on surfactant concentration; this assumption is incorporated into various population-balance models.^[@ref7],[@ref14],[@ref17]^*S*~w~\* and *P*~c~\* do depend on surfactant concentration far above the CMC.^[@ref2],[@ref13]^

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the relationship between pressure gradient and superficial velocity predicted by the model for one value of *S*~w~\*. The trigger for foam generation is the maximum velocity on the lower (weak-foam) branch, where the function bends back toward lower values of superficial velocity. The values of *f*~w~ and *u*~t~ at this maximum represent the relation between foam quality and minimum velocity for foam generation for one value of *S*~w~\*. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows how the trend shifts with *S*~w~\* and, by implication, with surfactant concentration.

![Steady-state total superficial velocity u~t~ as a function of pressure gradient∇p for given foam qualities *f*~g~, from the population-balance model of Kam and Rossen^[@ref14]^ with parameters from [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf) (specifically, *S*~w~\* = 0.201, *S*~wc~ = 0.2). The lower branch represents the steady state of weak foam (or no foam); the upper branch represents the steady state of strong foam. The trigger for foam generation is the maximum of the lower branch (orange circles), where the ∇*p*(*u*~t~) function bends back to lower superficial velocities. These maximum values produce the blue curve in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. In an experiment at fixed superficial velocity, there would be a jump from the weak/no-foam state to the strong-foam state at the maximum of the lower branch.](ie-2018-03141u_0007){#fig7}

![Model prediction of minimum superficial velocity for foam generation as a function of liquid fractional flow *f*~w~ and limiting liquid saturation *S*~w~\*.](ie-2018-03141u_0008){#fig8}

The trend in superficial velocity u~t~ against pressure gradient ∇*p* predicted by the model of Kam and Rossen^[@ref14]^ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) is similar to the experimental results in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}. The model parameters ([SI eqs A1 and A2, Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf)) were fit to data for a different foam formulation in a different porous medium. We present the model results with this set of parameters merely to indicate the trend predicted by the model. A quantitative fit would require fitting all the parameters, possibly tweaking the functional forms used to represent lamella creation as a function of ∇*P* and lamella destruction as a function of *S*~w~ in the model, and determining the relation between S~w~\* and surfactant concentration for this surfactant formulation in our porous medium.

Conclusions {#sec5}
===========

1.  Our data show that the minimum velocity for foam generation in steady flow decreases with increasing surfactant concentration and increasing injected liquid fractional flow (*f*~w~).

2.  The impact of surfactant concentration on foam generation that we find in our results is in accord with the prediction of Kam and Rossen's population-balance model,^[@ref4]^ where the trigger velocity for foam generation increases with increasing foam quality *f*~g~, and decreases with increasing surfactant concentration *C*~s~ (reflected as *S*~w~\* in Kam and Rossen's model). This reflects an indirect link between lamella stability and "foam generation,″ because creation of foam in porous media depends on the stability of lamellae.

3.  Foam generation is closely related to foam propagation. The stability and transport of bubble transport at the leading edge of displacement front requires further investigation. However, our results suggest that foam propagation has a similar dependency on water fractional flow and surfactant concentration: wetter foam and greater surfactant concentration promote the transport of foam, even at surfactant concentrations far above the CMC.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.iecr.8b03141](http://pubs.acs.org/doi/abs/10.1021/acs.iecr.8b03141). (1) Table of foam qualities and surfactant concentrations in our experiment. (2) Input functions and coefficients for Kam and Rossen's population-balance model.^[@ref14]^ (3) Examples of pressure difference profile in our foam generation experiment. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf))
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*C*~g~

:   model parameter ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf))

*C*~c~

:   model parameter ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf))

*C*~s~

:   surfactant concentration, expressed as \[wt %\]

*f*~g~

:   gas fractional flow

*f*~w~

:   water fractional flow

*k*

:   permeability, \[m^2^\]

*k*~rg~

:   gas relative permeability in absence of foam

*k*~rw~

:   water relative permeability

*m*

:   model parameter ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf))

*n*

:   model parameter ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf))

*n*~f~

:   foam texture or density, inversely related to bubble size (eq A.2), \[m^--3^\]

Δ*P*

:   magnitude of pressure gradient

Δ*P*

:   pressure drop across core or section of core

∇*P^min^*

:   minimum pressure gradient required to trigger foam generation

*P~C~*

:   capillary pressure \[Pa\]

*P\*~C~*

:   limiting capillary pressure \[Pa\]

*S\*~w~*

:   limiting water saturation--water saturation at limiting capillary pressure

*S*~gr~

:   trapped/residual gas saturation

*S*~w~

:   water saturation

*S*~wc~

:   connate water saturation (eq S1)

*u*~g~

:   gas superficial velocity (Darcy velocity), \[m/s\] in calculations, \[ft/D\] in figures and texts

*u*~w~

:   water superficial velocity (Darcy velocity), \[m/s\] in calculations, \[ft/*D*\] in figures and texts

*u*~t~

:   total superficial velocity (Darcy velocity), \[m/s\] in calculations, \[ft/*D*\] in figures and texts

*u*~t,c~

:   minimum total superficial velocity (Darcy velocity) required for triggering of foam generation, \[m/s\] in calculations, \[ft/*D*\] in figures and texts

*v*^min^~g~

:   minimum gas interstitial velocity required for triggering of foam generation, defined in Figure 2

μ^0^~*g*~

:   gas viscosity in absence of foam \[Pa s\]

μ^0^*w*

:   water viscosity \[Pa s\]

φ

:   porosity

γ

:   surface tension ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b03141/suppl_file/ie8b03141_si_001.pdf)), shown here in unit of \[mN/m\]
